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DESIGN AND TESTING OF AN ELECTROMAGNETIC COUPLING

William J. Anderson*

Hostile environments such as the hard vacuum of space, and exposure to

water or caustic fluids have fostered the development of devices which

allow mechanical rotary feed throughs with positive sealing without the use

of conventional dynamic seals. One such device is an electromagnetic

coupling which transfers motion across a hermetic seal by means of a

rotating magnetic field.

Static pull-out torque and dynamic heat build-up and pull-out torque

tests of a synchronous reluctance homopolar coupling are reported herein.

Coupling efficiencies are estimated for a range of speeds and torques.

INTRODUCT ION

In Ref. 1 it was determined that the most promising electromagnetic

coupling concept to explore would be a synchronous reluctance type coupling

of the homopolar type. Both the driving and driven rotors have the same

number of poles. With the poles aligned, DC current, flowing through a

stationary field coil, sets up magnetic flux locking the two rotors

together and transmitting torque. Synchronous operation assures a speed

ratio of i and avoids heat producing losses at operating speeds.

A non-metallic stationary membrane extends through the air gap between

the driving and driven rotors, hermetically sealing off the member con-

nected to the flywheel. The flywheel operates inside the hermetically

sealed chamber at a pressure of about 0.i torr. The original design

concept proposed was partially based on work reported in Ref. 2. Ref. 2

reports successful static test data, but no dynamic tests were conducted.

Further work reported in Ref. 3 indicated serious vibration problems during

operation at full load and the rated speed of 24,000 rpm. Vibration

problems were thought to originate from poor balancing, non-concentric

bearing seats or the presence of critical speeds. Vibration problems

persisted, despite corrective measures. Because of the particular design

of the coupling with a cantilevered rotor and high magnetic flux density,

it was thought that the vibration problems could have resulted from

unbalanced magnetic pull.

Another design, which greatly attenuates unbalanced magnetic pull

effects, is reported in Ref. 4 (U.S. Patent 2488827). Because of its

potential advantages, the design approach of Ref. 4 was chosen for this
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investigation. The EM coupling investigated was designed to be used in

conjunction with a 45.7 cm (18 inch) diameter, 63.6 Kg (140 pound) flywheel

which stores 0.87 Kw hours (70 horsepower minutes) at 20,000 rpm.

DESIGN OF THE ELECTROMAGNETIC COUPLING

A design which attenuates magnetic pull (shown in figure I) was chosen

for this investigation. By sandwiching the driving member (part I) between

the inner and outer sections of the driven member (part 2) no significant

variations of magnetic flux density can occur under the poles. This is so

because the magnetic permeance for any two air gaps per pole (in series,

magnetically) varies very little with eccentricity. Hermetic seals (part

5) of two different materials were subjected to static pressure and deflec-

tion tests to determine practical air gaps. Three rotors with working air

gaps (6 in figure i) of 1.27, 1.78 and 2.16 mm (Rotor nos. 50, 70 and 85)
were tested.

Details of the electrical design of the EM coupling were determined as

part of the work done under Contract NAS 3-20803 to the NASA-Lewis Research

Center. Design of the coupling included the choice of coupling diameters,

the number of poles, depth of interpolar space, pole width, rim thickness

and air gaps with the required maximum torque of 32.3 N-Meter (23.8 ft.lb.)

at 20,000 rpm the following coupling dimensions were chosen (see figure 2):

Inner Workin_ Air-Gap

Number of Poles

Axial rotor (pole) length

Driven member

Air-gap length

Depth of interpolar space

Rim thickness

Pole width

p : 16

1 : 44.5mm

R i : 60. mm

gi : 1.78 mm

h i =

m i =

Wp :

7.62 mm (h I = h 2 = h i )

6.99 mm

8.89 mm or 0.162 radians (_Oi)
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Outer Working Air-Gap

Number of Poles p= 16

Axial rotor (pole) length i = 44.5 mm

Driven member Ro = 78. mm

Air-gap length

Depth of interpolar space

go 1 78 mm

ho = 7.62 mm (h 3 = h4 = ho)

Rim thickness mo = 8.26 mm

Pole width Wp = 10.16 mm or 0.129 radians (_0o)

= 0.196 radians (either gap)
P

ANALYSIS OF ELECTROMAGNETIC COUPLING TESTS

Static Tests

The coupling was tested with each of the three different driving

rotors to determine the maximum or pull-out torque (Tma x or POT) as a

function of the coil current. Fig. 3 shows static pull-out torque vs. coil

current. As expected, an increase in the magnetic air gap corresponds to a

decrease in the pull-out torque. The "bending over" in the curve for Rotor

70 was not anticipated. Though first thought attributable to magnetic

saturation, subsequent testing failed to uphold this assumption. There-

fore, the data for Rotor 70 at I0 amperes is questionable.

Dynamic Tests

There were two types of dynamic test performed on the coupling: load

tests and heat runs. Mechanical power was provided by a two pole electric

motor driving through an eddy current coupling, a Lebow torque meter and a

7:1 ratio speed increasing gearbox (figure 4). The shaft speed was

controlled by the eddy current coupling. The Lebow torque sensor provided

input torque data. A Kahn waterbrake dynamometer with torque meter

provided the load.

Heat Runs

Heat runs were performed on the coupling to determine the temperature

rise of the excitation coil under stabilized conditions. The temperature

of the coil was measured by thermocouple and resistance methods• The ther-

mocouple was located adjacent to the coil. By measuring the coil voltage

and current, the resistance of the coil is calculated• By comparing the

calculated resistance to the measured resistance at ambient temperature,
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the temperature of the coil during the test can be determined using known

temperature-resistance relationships.

Heat runs were performed on Rotor 70 with a i0 amp coil current and a

55.7 N-Meter (41 ft.lb.) load at i0,000 and 17,000 rpm. Heat runs were

also performed on the coupling with Rotor 85 installed with a 7 amp coil

current and a 27.2 N-Meter (20 ft.lb.) load. Rotor 85 was tested with and

without the hermetic seal at 15,000 rpm and with the seal at i0,000 rpm.

The Rotor 70 heat runs are shown on Fig. 5. A comparison of the Rotor 85

heat runs with the hermetic seal at two different speeds is shown on

Fig. 6. Fig. 7 shows the Rotor 85 heat runs with and without the hermetic

seal at the same speed. In figures 5-7, the abscissa or time axis was

shifted for one heat run against the other. Because a device of this size

warms rapidly, and because the initial setting for current, speed and load

take a finite time, the displacement of the running times best represents

the relative heat run temperatures as if the tests performed were begun at

the same time. For each heat run, the test was concluded prior to the

stabilization of the coil temperature. In most cases, the test was stopped

due to excessive temperatures in the coil or in the coupling drive system.

Comparing one heat run to another, the coil temperatures acted as expected,

in a relative sense. In absolute terms, however, the coil temperatures

were too hot, exceeding the calculated temperatures considerably. It is

believed that the high coil temperatures were partially the result of

additional stray load losses in the coupling and partially due to the less

than perfect heat dissipation ability of the embedded excitation coil.

Load Tests

Load tests were performed with driving Rotors 70 and 85 to determine

feasibility of design as well as to provide data for determining efficiency

and pull-out capability.

Pull-out torque capability for the EM coupling determined from dynamic

tests is compared to the previously shown static torque capability on

Fig. 8. The dynamic pull-out torque, at a particular coil current is

determined by averaging the test results at various speeds. While specific

data points may be somewhat errant, the static and dynamic pull-out torques

are similar for the same coil current and the inverse relationship between

working air gap and pull-out torque is as expected.

The efficiency of the EM coupling was determined for Rotor 85. Input

and output torque readings were taken at 5, 7 and 9 amp coil currents at

the nominal speeds of I0,000, 15,000 and 20,000 rpm. At each of the

current/speed combinations, the load was increased until pull-out occurred.

From this data the efficiency is determined over a wide range of speed,
load and coil current combinations.

The location of the Lebow torque sensor on the input side of the speed

increaser or gearbox, made it necessary to determine gearbox losses so
those could be subtracted out. Gearbox losses were unknown and had to be
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estimated from a matrix of tests conducted over a wide range of speeds an!

loads. Gearbox losses at no load were obtained with the gearbox driving a:_

unloaded rotor. Losses under load were estimated from the matrix of t_t

data using the knowledge that there are no torque dependent losses in th_

EM coupling.

The input power and output power were calculated from the torque read-

ings. The difference between the input power and the output power is th_

loss in the EM coupling and the gearbox. Subtracting gearbox losses, th_

EM coupling losses are found. Table i shows the calculation of the E_

coupling losses for the 9 amp coil current tests at the speeds of

interest.

The efficiency of the EM coupling, neglecting the coil 12R losses,

was calculated based on the above losses. The relationship between effi-

ciency and torque for Rotor 85 is shown on Fig. 9. It should be noted that

the EM coupling losses are independent of the load or torque transmitted.

The losses depend only on speed and coil current.

In order to determine the true efficiency of the coupling, it is

necessary to include the coil 12R losses. Because the resistance of the

copper in the coil depends on temperature, and because the heat runs wer_

generally terminated prior to thermal stabilization, it is necessary to

estimate the steady state coil temperatures. Table 2 indicates the esti-

mated stabilized temperatures for the three speeds and three coil currents

used for the Rotor 85 load test.

Based on the coil temperatures in Table 2, the coil 12R losses are

calculated, and the efficiencies are recalculated. Fig. i0 shows the EM

coupling efficiency vs. torque, including the coil losses. Since the stray

load losses and coil temperatures were higher than anticipated, future

modifications to the design should result in better efficiencies than tho_e

indicated in Fig. i0.

SUMMARY OF RESULTS

An electromagnetic coupling to be used as a driving element for a

63.6 Kg (140 Ib) flywheel which stores 0.87 Kw hours (70 horsepower

minutes) at 20,000 rpm was designed and tested. The coupling design

utilizes a driving member which is sandwiched between the inner and outer

sections of the driven member. With this design the magnetic flux density

under the poles does not vary significantly if the driving and driven

members are eccentric, so that unbalanced magnetic pull effects ar_"

attenuated. The coupling tested had 16 poles and an outside diameter of

approximately 17.8 cm.

Coupling efficiencies were calculated for speeds to 20,000 rpm and

output torques to 45 Newton meters. Coupling efficiency at maximum torque

was estimated to be about 94 percent, including the torque loss across the

coupling and 12R losses in the coil. Because of the uncertainties in
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calculating gearbox losses, calculated coupling efficiencies could be in

error by an estimated +5 percent.

Pull-out torque capability exceeded the maximum design requirement of

32 Newton meters, but coil heating was a persistent problem. Both static

and dynamic pull-out torque tests were conducted. As expected, pull-out

torque increased with decreasing working air gap (3 values of air gap were

investigated).

Several tests were run to determine the temperature rise of the exci-

tation coil. Coil temperature was measured by a thermocouple located

adjacent to the coil, and calculated indirectly by the resistance method.

As expected, coil temperatures calculated by the resistance method were

higher than those measured by the thermocouple. In most cases these tests

were stopped before the coil temperature stabilized because of excessive

temperetures in the coil or in the coupling drive system. Coil tempera-

tures varied as expected with load and speed but were much higher than

predicted by design.

In an overall sense the test results are encouraging, but they also

indicate a need for more work, especially in the following areas:

i) Reduction of losses, including finding out if any sizeable stray load

losses, perhaps caused by small manufacturing or design asymmetries, stray

magnetic fields, etc., exist and how to minimize them.

2) Improved heat dissipation ability to the coupling, e.g.: ribbed hous-

ing, forced air cooling, etc.

3) Improved torque generating ability, by reviewing if torque per AT

(ampereturn) could be further maximized, especially as a function of number

of poles chosen for the design.

4) Investigation of stronger hermetic seal materials, which would make it

possible to reduce working air gap lengths.
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TABLE 2

ESTIMATED COIL TEMPERATURE (°C)

Speed (rpm)

i0,000

15,000

20,000

Cofl Current

160

190 I
230

7

230

2/u

320

)s)
, .

9

290

340

490

i Driving rotor 5 Hermetic seal
2 Driven rotor 6 Working air-gap
3 Stator 7 Parasitic air--gap
4 Electric coil

Figure 1. - Electromagneticcoupling.
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Driven (outer)member

Drivingmember

Driven(inner) member

Figure 2. - Geometry of electromagnetic coupling with driven and driving members

displaced by a (not ot scale).

-T

_G

<p

60--

50--

40--

30

2O

10--

0__

_0_m

601-- Rotor/

E 50
z

-- o 40--

-5
-- Q..

20--

I I I I I
0 2 4 6 8 10

Coilcurrent.A

Figure3.-Staticpull-outtorqueasfunctionofcoilcurrent
for threetestrotors.

40



I Drive _ Eddycurrent_

Gear box

Electromagnetic
coupling

Figure 4, - Arrangement for dynamic testing.
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Figure 5. - Heat run; rotor 10with hermetic seal; current, 10 A;

load, 55. 7 N-m (41 ft-lb).
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